In vitro direct plantlets' development from different explants of cotton was studied using nine cultivars which have been developed in Sudan. The influence of various phytohormones on morphogenetic response of different explants of each cultivar was tested. The best medium for multiple shoot induction from shoot tip explants was Murashige and Skoog (MS) basal medium supplemented with 0.1 mg/L Zeatin. In this medium, the highest regeneration percentage (92%) and the maximum number of shoots (2) were recorded for Sudac K cultivar. Shoot elongation and rooting of most of the shooted explants were obtained in 0.05 mg/L Gibberellic acid (GA 3 )-supplemented MS medium. Embryo axis explants were best regenerated in MS medium supplemented with 0.1 mg/L Kinetin + 0.1 mg/ L 2,4-D in seven of the nine tested cultivars. The highest shooting percentage (80%) was recorded for Shambat-B followed by Hamid cultivar (75%). The majority of the shoots (62.4%) showed root formation in MS medium supplemented with Kinetin + 2,4-D medium. Non-rooted shoots derived from shoot tip and embryo axis explants
INTRODUCTION
Cotton (Gossypium spp.) belongs to the family Malvaceae and the genus Gossypium, which comprises 50 species. It is the most important textile fiber in the world, accounting for about 40% of all fibers produced [1] . Besides, its edible oil contributes 65-70% to the oil industry as well as other industrial processes [2, 3] . In 2010, the total area cultivated with cotton in Sudan was 14,160 hectares [4] . It is an important source of livelihood for a large number (200,000) of its growers and their families, provides crop residues as feed for a large number of livestock from the pastoral sector and employs a large number of hired seasonal labors in its picking and ginning operations [5] .
Considerable attention has been paid to improve cotton plant by conventional plant breeding methods. The conventional breeding programs use hybridization, wide-crosses, backcrosses, mutation and other techniques to introduce desirable agronomic traits, such as insect resistance, high yield, good quality lint and disease resistance into new breeding lines which may be released after several years of field testing. However, genetic improvement of cotton through conventional means is limited due to many factors like absence of necessary variation, especially resistance against pests and diseases [6] . Genetic engineering offers a tremendous potential to introduce foreign genes isolated from any organism directly into crop plants to complement breeding programs. Genetic transformation has been applied in cotton to express insecticidal bacterial proteins for improvement of insect resistance [7] . Tissue culture is a major prerequisite for any transformation trials [8] . Efficient in vitro regeneration techniques for cotton are limited because cotton is known to be recalcitrant for in vitro regeneration [9, 10] . Previous studies indicate that direct regeneration and somatic embryogenesis are the main regeneration methods for cotton tissue cultures [11, 12] . However, only a limited number of cultivars were successfully induced to produce somatic embryos and regenerative plants [13, 14] . The process of direct in vitro plant propagation from pre-existing meristems consists of three main steps: i) induction of shoot buds and their multiplication ii) elongation of shoot buds into shoots and iii) in vitro or ex vitro rooting of shoots to form plantlets. This process offers a good alternative as it offers a preclusion from the current limitation of genotype-dependence and avoiding the problems associated with long period of culture being experienced in the established cotton transformation systems [15] [16] [17] .
In the present study, rapid and direct regeneration protocols for nine local high yielding cotton cultivars belonging to G. hirsutum and G. barbadense were developed using shoot tip, embryo axis and cotyledonary nodes explants. 
MATERIALS AND METHODS

Source and Sterilization of Cotton Seeds
Reduction of Phenolic Oxidation of Cotton Explants
Reduction of phenolic oxidation was estimated using ascorbic acid. Twenty hypocotyl explants were transferred either to free MS medium (control) or to MS medium supplemented with 200 mg/L ascorbic acid. Explants were incubated for 2 weeks and the percentage of browning and death of explants in each medium was calculated.
Optimization of Regeneration Conditions
The influence of various phytohormones on in vitro morphogenetic response of multiple shoots from shoot tip, embryo axis and cotyledonary node explants was tested.
Preparation of Explants
Shoot apices were excised from 5-7 days old seedlings. The seedling apex was exposed by pushing down one cotyledon until it broke away, exposing the seedling shoot apex. The apex was removed just below the site of attachment to the largest unexpanded leaf. Additional tissue was removed to expose the base of the shoot apex.
For embryo axis, sterilized seeds were presoaked in sterile distilled water for two hours. Embryo axes, approximately 2 mm long, were excised aseptically and their radicles were discarded.
Cotyledonary nodes were removed from 35 dayold in vitro grown seedlings. The cotyledons and apical meristems were excised and discarded. Thus, each explant had two dormant axillary buds. These decapitated cotyledonary nodes were used as explants for shoots induction.
In vitro Regeneration
Shoot induction from shoot tip
A total of 450 in vitro-grown shoot tips explants were cultured on MS medium supplemented with either 0.1 mg/L Zeatin or 2.0 mg/L kinetin plus 1.5 mg/L Indole-3-acetic acid (IAA). In all cases, the medium pH was adjusted to 5.8 prior to autoclaving. The experiments were replicated two times and the regeneration percentages were calculated.
Shoot induction from embryo axes
For shoot development, a set of embryp axis explants derived from each of cultivars Abdin, Shambat-B, Kheiralla, Hamid, Barkat-90, Knight and Barakat were cultured onto MS medium supplemented with 0.1 mg/L 2,4-Dichlorophenoxyacetic acid (2, 4-D) plus 0.1 mg/L Kinetin for three weeks. Explants were then transferred to fresh medium and were further incubated for three weeks for elongation and their response was recorded.
Shoot induction from cotyledonary nodes
Cotyledonary nodes excised from 35-day old seedlings were cultured in Petri-dishes containing MS basal medium supplemented with 0.1 mg/L Kinetin. Cultured cotyledonary nodes were incubated for 35 days and were then subcultured in the same medium for elongation. After incubation for 2-3 weeks, the shooting percentages and the number of shoots per explant were recorded.
Shoot elongation and rooting
For elongation and rooting, shooted explants from shoot tips were sub-cultured into fresh medium supplemented with 0.05% Gibberellic acid (GA 3 ) for two weeks. To enhance roots initiation, non-rooted shoots were placed on either MS-free medium or on MS medium supplemented with 0.1 mg/ L Indole-3-butyric acid (IBA) for another two weeks.
Shoots (3-4 cm) derived from embryo axes were excised and rooted on MS medium supplemented with 0.1 mg/L IBA.
Shoot bunches obtained from cotyledonary node explants were transferred to half strength MS medium supplemented with 0.1 mg/L Naphthaleneacetic acid (NAA); pH 5.8. In each case treatments were replicated twice and the rooting percentages were recorded.
Data Analysis
Standard descriptive statistics and Analysis of Variance (ANOVA) was used to analyze the data.
RESULTS AND DISCUSSION
Delinting using H 2 SO 4 before sterilization was done to obtain contaminant-free seeds. The results showed that delinting of seeds with H 2 SO 4 before surface sterilization with Clorox is a best disinfection method as the percentage of contaminated seeds was zero. The delinting method has already been used and proved to be effective in cotton tissue culture [19, 20] .
Browning has been considered as one of the major problems associated with cotton tissue culture systems [21, 22] . In order to prevent browning, ascorbic acid (0.02% w/v) was added to the explants' regeneration medium in their early stages of growth (5-day old). Results indicated that the addition of ascorbic acid had significantly reduced the browning percentage from 96% to 2% (Table 1 and Plate 1). Addition of ascorbic acid to prevent browning and blackening is reported for many other plants, such as Ulex europaeus [23] ; Musa spp. [24] and Cavendish banana cv. Formosana [25] , which have the same problem. Ascorbic acid is known as scavenging agent that remove free oxygen radicals produced when the plant tissue is wounded to protect the cells from oxidative injury. The oxidative browning of explant tissue is reduced by ascorbic acid detoxifying these free radicals [26] . 
Induction and Elongation of Shoots from Shoot Tip Explants
The numbers of shoots regenerated from isolated shoot apices of the nine cotton cultivars in two different media are shown in Table 2 . Since both media formulations induced shoot formation in all cultivars tested, the evaluation of shoot induction was based on the percentage of the regenerated shoots in each treatment and on the number of shoots per explant. Results showed that MS medium containing 0.1 mg/L Zeatin significantly supported the induction of higher number of shoots compared to MS medium supplemented with a combination of 1.5 mg/L IAA and 2 mg/L Kinetin. However, no significant difference between the different cultivars used was detected ( 
Shoots Elongation and Roots Induction
The multiple shoots so obtained were elongated either in the same medium or in a medium supplemented with 0.05% GA 3 . Results indicated that the addition of GA 3 in the medium enhanced shoot elongation and eventual rooting of the shoots in most of the cultivars tested. GA 3 was successfully used by Sun et al. [28] for shoot elongation in wild cotton regeneration trials. In most cultivars, rooting was observed in the elongation medium. However, in non-rooted shoots rooting was induced on either 0.1 mg/L IBAsupplemented or free MS medium (Fig. 1) . Rooting percentages in free MS medium ranged from 52 to 77% where cultivar Barakat-90 had the highest rooting efficiency, while cv. Wagar had the least efficiency. On the other hand, the rooting efficiency in the IBAsupplemented MS medium was found to be 100% for all of the three cultivars. Therefore, 0.1 mg/L IBA-supplemented MS medium was chosen for root induction. This is in accordance with the results of Özyigit and Gozukirmizi [22] who reported that some of their non-rooting plantlets, which were subcultured on Kinetin -NAA-supplemented medium, started to root on IBA-supplemented medium. Table 4 shows the effect of combining kinetin and 2, 4-D in MS medium on direct shoot regeneration from embryo axis in seven of the nine tested cotton cultivars. It is clear that only one shoot per embryo axis explant was obtained with maximum shooting percentage recorded for Shambat-B (80%). The shoots so obtained on shoot induction medium were elongated on the same medium. Contrary to this result, Banerjee [29] reported that 0.1 mg/L Kinetin supported the formation of multiple shoots, while other concentrations regenerated a single shoot per explant. It is also clear ( Table 4) that rooting percentage was in the range of 0-80% depending on the cultivar. The shooted explants showed root formation in the shoot induction medium after one to two subcultures. However, 27.77 and 100% of the shooted explants of cultivars Abdin and Kheiralla, respectively, failed to produce root on this medium.
Regeneration from Embryo Axes
Non-rooted shoots were transferred to MS medium supplemented with 0.1 mg/L IBA and high rooting percentages in the range of 90 -96 were observed for Abdin and Kheiralla, respectively.
Regeneration of Cotyledonary Nodes
Induction of shoots from cotyledonary nodes was studied using five of the seven cultivars (Hamid and Shambat-B cultivars were excluded). A rapid (16-21 days) in vitro shoot development was observed for all cultivars tested (Table 5) . Maximum shoot development (79%) was recorded for Barakat, followed by Knight (76%) and Kheiralla (57%). Although each explant used had two dormant axiliary buds in the cotyledonary node, formation of less than two shoots, on average, was observed. This could be due to the apical dominance of the growing shoots [30] . This is in agreement with what has been reported by Özyiğit [31] using 0.1 mg/L Kinetin. Rauf et al. [20] reported the development of multiple shoots from upland cotton (cv. NIAB-999) explants using the same concentration of Kinetin.
Shoots were elongated in the same shoot induction medium (Plate 3) and rooted after 2 weeks incubation in half-strength MS basal medium supplemented with 0.1 mg/L NAA. The highest rooting percentage (84%) was recorded for Abdin while the lowest (60%) was recorded for Knight. Similarly, Gupta et al. [32] used NAA as root inducer in shoots of an Indian cotton cultivar (Khandwa-2) and 60% rooting frequency has been reported. While hypocotyls are the main explant sources for callus induction and indirect somatic embryogenesis, cotyledonary nodes and meristematic shoot tips are the primary sources for direct regeneration [13, 14, 22] . Shoot regeneration from shoot apex, embryo axis and cotyledonary nodes is direct, relatively simple and needs less time to regenerate large number of plants [33] . Regenerated plants are true to phenotype with low incidence of somaclonal variation and chromosomal abnormalities [34] . One of the major draw backs of the earlier reports of Agrobacterium-mediated cotton transformation is that only limited cultivars can be regenerated into fertile plants through somatic embryogenesis [35] . In this study, genotype seems to have no much effect on shoot induction and shoot proliferation (Table 3) .
Developing an efficient regeneration protocol for local cotton varieties will be of importance in enhancing the ongoing efforts to develop a genetic transformation protocol with the ultimate goal of improving insect resistance of these cultivars.
CONCLUSION
In this study, protocols for direct regeneration using shoot tip, embryo axis and cotyledonary nodes explants were developed. Limitations of genotype-dependence associated with indirect regeneration protocols, make the currently developed protocols more suitable for regeneration and subsequently genetic transformation of Sudan's local cotton cultivars.
